Objectives To investigate the risk of renal cell carcinoma (RCC) in Central and Eastern Europe in relation to exposure to known and suspected carcinogenic metals. Methods During 1999e2003, the authors conducted a hospital-based study in Czech Republic, Poland, Romania and Russia, including 1097 cases of RCC and 1476 controls. Occupational exposure to arsenic, cadmium, chromium(III), chromium(VI), lead and nickel was assessed by teams of local industrial hygiene experts, based on detailed occupational questionnaires. Results The ORs for RCC were 1.55 (95% CI 1.09 to 2.21) for exposure to lead and 1.40 (95% CI 0.69 to 2.85) for exposure to cadmium. No clear monotonic exposureeresponse relation was apparent for either duration of exposure or cumulative exposure to either metal, although the OR for the highest category of cumulative exposure to lead was 2.25 (95% CI 1.21 to 4.19). Exposure to other metals did not entail an increased risk of RCC. Conclusions For cadmium, the lack of statistical significance of most results, potential confounding and the absence of clear doseeresponse relations suggest that an association with RCC is unlikely to be causal. In the case of lead, however, the elevated risk in the category of highest cumulative exposure is noteworthy and justifies further investigation.
Renal cell carcinoma (RCC) is the most common form of kidney cancer and accounts for about 3% of all adult tumours worldwide. 1 The incidence of RCC has been increasing in most affluent countries over the last few decades.
The highest national incidence rate of kidney cancer worldwide in 2002 was reported in the Czech Republic (23.3/100 000 in men and 10.4/ 100 000 in women); rates were also high in other countries of Central and Eastern Europe (range in men 12e19/100 000, vs an average of 10.3/100 000 in Europe as a whole). 2 Established risk factors for RCC include cigarette smoking, hypertension and high body mass. 1 However, these factors account for a relatively small fraction of cases and do not explain the high incidence in Central and Eastern Europe.
RCC is generally not considered an occupationrelated cancer, but some occupational exposures or employment in certain jobs or industries have been associated with an increased risk of this neoplasm. Occupational epidemiological research to date has focused on potential roles of asbestos, gasoline and organic solvents, in particular trichloroethylene. 1 In addition, exposure to heavy metals and employment in metal-related industries have been associated with kidney cancer risk. Arsenic, beryllium and cadmium and their compounds, as well as nickel compounds and chromium(VI) compounds are classified by the International Agency for Research on Cancer (IARC) as established human carcinogens. Inorganic lead compounds are classified as probable carcinogens (http://monographs. iarc.fr). However, for none of these agents was the classification based on evidence of increased risk of RCC in humans. A carcinogenic effect of heavy metals on the kidney is plausible, since urinary elimination is their main route of excretion, and the proximal tubules are especially sensitive due to their high reabsorption activity. Furthermore, occupational exposure to arsenic, cadmium and lead may induce chronic renal disease, 3 and exposure to arsenic in drinking-water has been associated with an increased risk of kidney cancer mortality in ecological studies. 4 The countries in Central and Eastern Europe are of particular interest for the study of occupational carcinogens, since the frequency and intensity of exposure have been in many instances higher and more varied than those found recently in other industrialised countries. 5 To date, no study has been conducted of occupational risk factors for RCC in this region. We report here the results of a hospital-based casee control study of RCC, carried out in four Central and Eastern European countries, which included a detailed assessment of exposure to occupational agents.
MATERIALS AND METHODS
A hospital-based caseecontrol study was conducted in Brno, Ceske Budejovic, Olomouc and Prague (Czech Republic), Lodz (Poland), Bucharest (Romania) and Moscow (Russia). All centres used the same study design, including strategy for recruitment, inclusion and exclusion criteria, and questionnaire. All newly diagnosed and histologically confirmed cases of kidney cancer (ICD-O2 6 code C.64) were identified at participating hospitals (one in each area) between 1999 and 2003. Cases had to reside in the study area for at least 1 year prior to diagnosis. Histological slides of cases were reviewed by an expert pathologist for standardised confirmation and classification. Only confirmed cases of RCC were retained in this analysis.
Controls had the same residency restriction, came from the same hospitals as the cases during the same time frame and had conditions unrelated to smoking. They were frequency-matched to cases on sex and age. Patients with cancer or genitourinary disorders, except for benign prostatic hyperplasia, were also excluded from the controls. Some of the controls were recruited for parallel studies of lung cancer 7 and head and neck cancer. 8 No single disease made up more than 20% of the diseases of controls in each centre. Diagnoses of controls included digestive diseases (20.3%), central nervous system diseases (14.3%) diseases of the eye and ear (16.9%), and muscoloskeletal and connective tissue diseases (12.1%). The study protocol was approved by relevant ethics committees, and all study subjects provided informed consent.
Interviewers were trained at each centre to perform face-toface interviews using standard questionnaires. Proxy interviews were not performed. Cases and controls were asked about their lifestyle habits, in particular tobacco consumption, anthropometric measures 1 year before diagnosis, and their personal and familial medical history. A general questionnaire was administered for each job held at least for 1 year and included a description of the tasks performed, machines used, working environment and time spent on each task. To improve the precision of the assessment, specialised occupational questionnaires were also used in cases of employment in specific jobs or industries likely to entail exposure to known or suspected occupational carcinogens. Details on the questionnaires have been reported previously. 9 For each job in the subject's work history, a team of chemists, industrial hygienists and occupational physicians from each centre evaluated the frequency and intensity of exposure to 70 agents and groups of agents, based on the general occupational questionnaire, the specialised questionnaires, and their own experience in industrial hygiene and knowledge about historical working conditions in the study areas. 9 The agents assessed included arsenic and arsenic compounds, cadmium and cadmium compounds, chromium(III) and chromium(III) compounds, chromium(VI) compounds, nickel and nickel compounds, and lead and lead compounds. For each of these agents except for lead (because it was assessed after the other exposures had been evaluated), separate assessments were made for dust and fumes or mist. Frequency of exposure was assessed as less than 5%, 5% to 30% and greater than 30% of total working time. Intensity of exposure was assessed as low, medium and high, based on agent-specific categories; to standardise the application of the intensity index, benchmarks were set, consisting of jobs that would typically fall in each category. Although exposures are expressed on a quantitative scale (eg, as mg/m 3 -years for cumulative exposure), few measurements were available, and exposure levels are to be interpreted on a relative rather than absolute scale. This applies in particular to analyses based on cumulative exposure. Examples of jobs entailing exposure to cadmium and lead are listed in appendix 1. For each agent considered to be present, the industrial hygienists also noted the degree of their confidence that the job would entail exposure to the agent, categorised as possible, probable, or definite. Exposure assessment was carried out blindly in regard to the subject's disease status.
Two indices were developed to model exposure: (1) duration of exposure, expressed as the total years the subject worked in a job in which exposure occurred, and (2) cumulative exposure, calculated as the product of duration of employment in each exposed job multiplied by the midpoint of the frequency category and by the intensity weight of the job, summed across all of the subject's jobs. The intensity weight was the midpoint of each agent-specific intensity category (table 1) .
Unconditional logistic regression modelling was initially used to quantify the association between exposure to metals and risk of RCC, estimating ORs and their 95% CIs. ORs for exposure to each agent were calculated in reference to subjects unexposed to that agent. Separate analyses were conducted for exposure to dust, fumes and either form of metal. The analyses were additionally modelled to account for a 20-year lag, in which jobs held in the last 20 years before diagnosis (cases) or interview (controls) were excluded. Given the toxic effect of lead exposure on the central nervous system, we repeated the analysis of this metal after exclusion of controls admitted to the hospital for this group of diseases.
For exposures for which a positive association with RCC was suggested by the primary analysis, exposureeresponse relations were examined by applying tests for trend to ORs for increasing Table 1 Weights for categories of intensity of exposure and jobs with highest proportion of subjects exposed to metals included in the study ) and self-reported history of hypertension. Additional modelling was performed, adjusting for multiple occupational metal exposure (ever/never exposure).
All analyses were performed using the packages SAS, version 9.0 and STATA (Release 9).
RESULTS
A total of 1097 RCC cases and 1476 controls were identified between 1999 and 2003. The country-specific participation rate ranged from 90% to 99% among cases and from 90% to 96% among controls. The distribution of cases and controls by sex, age, study centre, residence, tobacco smoking, body mass index and history of hypertension is shown in table 2. The proportion of women was higher among cases than among controls. The age distribution of cases and controls was similar. High body mass index and hypertension, but not tobacco smoking, were associated with risk of RCC in this population. The mean number of jobs held by cases (3.8) was similar to that of controls (4.0).
The proportion of controls ever exposed to metals (dust and fumes combined) was 1.4% for arsenic, 1.8% for cadmium, 5.6% for chromium(VI), 5.9% for chromium(III), 4.8% for lead and 3.4% for nickel. In table 1, jobs with the highest proportion of subjects exposed to each metal are listed. Subjects exposed to chromium(III) were often also exposed to chromium(VI) (r 2 ¼0.83, p<0.001 for ever exposure to dust and fumes); moderate correlations were found between exposure to arsenic and cadmium (r 2 ¼0.46), cadmium and chromium(III) (r 2 ¼0.43), chromium(III) and nickel (r 2 ¼0.56), and chromium(VI) and nickel (r 2 ¼0.47). Exposure to lead, on the other hand, was only weakly correlated with exposure to the other metals under study (ranging from an r 2 ¼0.13 (arsenic) to r 2 ¼0.21 (cadmium)). The ORs for ever exposed to the metals under study are reported in table 3. An increased OR were observed for exposure to cadmium and lead, while no increased risk of RCC was observed for exposure to arsenic, chromium(III), chromium(VI) or nickel (the OR for exposure to the last agent was significantly decreased). For none of the metals for which exposure was assessed separately for dusts and fumes was there any evidence of a different effect on RCC risk (not shown in detail).
The results of analyses restricted to exposures with a high level of confidence were similar to those including all assessments. The OR for ever exposure to lead dusts or fumes was 1.54 (95% CI 0.99 to 2.39, based on 46 exposed cases and 41 exposed controls), while that for ever exposure to cadmium was 1.61 (95% CI 0.68 to 3.81, based on 11 exposed cases and 11 exposed controls).
Exclusion of jobs with exposure to metals assessed with low confidence resulted in minor changes in the risk estimates (table 3) . Exclusion of controls admitted to hospital for diseases of the central nervous system resulted in OR for ever exposure to lead of 1.54 (95% CI 1.06 to 2.22, based on 80 exposed cases and 63 exposed controls).
In further detailed analyses of exposure to cadmium and lead, there was no evidence of intercountry heterogeneity in the OR for exposure to either lead (p value of test for heterogeneity 0.12) or cadmium (p value 0.55). No exposureeresponse relationship was apparent for either duration of exposure to either metal or cumulative exposure to cadmium (table 4). The analysis by cumulative exposure to lead did not reveal a clear trend, but the OR in the category at highest exposure was significantly elevated (table 4). The results were not different for subjects who either were exposed at the time of the study or quit within 5 years, and those who had quit exposure for 5 years of more (OR for current exposure or short-term quit 1.69 (95% CI 0.56 to 5.13) for cadmium, 1.46 (95% CI 0.97 to 2.20) for lead). The inclusion of a 20-year lag in the exposure did not modify the results (not shown in detail). The risk estimate for exposure to lead was not confounded by exposure to other metals; in particular, the OR for ever exposure to lead was 1.51 (95% CI 1.06 to 2.14) after adjustment for cadmium exposure. Exposure to lead, however, appeared to exert some confounding effect on risk estimates for cadmium exposure: after adjustment for lead exposure, the OR for ever cadmium exposure was 1.27 (95% CI 0.71 to 2.29). Exclusion of job with low-confidence exposure did not result in any important changes in the risk estimates (not shown in detail). We conducted additional analyses on subjects ever exposed to more than one metal. The OR for exposure to cadmium and lead was 2.77 (95% CI 1.00 to 7.68, based on 13 exposed cases and eight exposed controls). Results for other combinations of exposure were unremarkable.
DISCUSSION
Of the six heavy metals examined in our study, we found a suggestion of an excess risk associated with occupational exposure to cadmium and lead. However, the absence of a clear doseeresponse relation limits the degree to which one can make causal inferences about the association.
IARC recently evaluated the evidence for carcinogenicity of inorganic lead compounds and concluded that the evidence was sufficient in animals and limited in humans, leading to a classification as a probable human carcinogen. 11 The evaluation of human evidence was mainly based on an excess risk of stomach cancer among workers exposed to lead, while the data on kidney cancer were considered to be inadequate. This conclusion regarding kidney cancer is consistent with the results of a metaanalysis of the epidemiological literature through 2000, which reported a combined RR for kidney cancer of 1.01 (95% CI 0.72 to 1.42). 12 On the other hand, it has been shown that the kidney, specifically the tubular epithelium of the renal cortex, is a major target organ for the carcinogenicity of inorganic lead salts in experimental animals; renal cortical adenomas and carcinomas have been produced in rats and mice of both sexes following exposure via several routes of administration to high doses of various soluble salts of lead such as lead acetate, lead subacetate and lead phosphate. 11 However, lead oxide and lead fumes, the main forms of human exposure, have not been shown to be carcinogenic in experimental systems. 11 Cadmium is a recognised human carcinogen, based on an increased risk of lung cancer in humans. 13 The possibility that cadmium is involved in kidney cancer development cannot be excluded, given the long residence time of the metal in the renal cortex and the nephrotoxic effects following occupational and environmental exposure. 14 15 Subsequent to the IARC evaluation, an association between cadmium exposure and kidney cancer has been reported in four community-based caseecontrol studies. 16e19 However, in two of these studies, information on exposure to cadmium was self-reported by the study subjects, 16 18 which increases the likelihood of recall bias, and in a third study a strong association was detected between RCC and exposure to many agents, 19 which might result from selection or information bias. In addition, the evidence from industry-based studies does not support the existence of an association, and clinical studies have detected lower levels of cadmium in the kidney of RCC patients as compared with controls. 20 Our study provides only weak evidence of a carcinogenic role of cadmium, because of the lack of a doseerisk relation and the likelihood of a confounding effect of lead exposure. Although interesting, the *For each metal, the reference category includes cases and controls never exposed to that metal. yA dust is defined as a particle formed from mechanical generation (such as crushing, grinding, milling or blasting) and varies from Angstrom size to 100 mm in diameter. A fume is defined as a particle formed from a solid at room temperature by combustion, sublimation or condensation and is generally less than 0.1 mm. zOR further adjusted for exposure to other metals listed in the *For each metal, the reference category include cases and controls never exposed to that metal. yCutpoints are as follows: cadmium 17 500, 75 000 and 140 000 mg/m 3 -years; lead 1260, 3150 and 13 300 mg/m results for combined exposure to lead and cadmium are limited by their lack of precision. Chromium(VI) compounds are classified as human carcinogens because of the evidence of a causal association with cancers of the lung and the nose and sinuses. 21 The evidence linking chromium(VI) compounds to RCC risk is weak, 22 and our results are compatible with the lack of an association. We did not observe an association between RCC risk and chromium(III) compounds, including metal chromium. Similarly, we did not observe an increased risk of RCC among those occupationally exposed to nickel, and the significantly reduced OR is likely the play of chance. Although some nickel compounds have been shown to induce renal cancer in rats and malignant transformation of human kidney cells, 23e25 the evidence from occupational epidemiological studies is not consistent. 26 27 We failed to detect an association between occupational exposure to arsenic and risk of RCC. An increased risk of kidney cancer mortality has been reported consistently in ecological studies of people exposed to arsenic via drinking-water contamination, and overall the evidence is weaker than for other types of cancer such as lung and bladder. 4 Orally ingested arsenic is a shared risk factor for transitional cell cancer throughout the urinary tract. 1 28 In workers exposed by inhalation, the predominant neoplastic effect is an increased risk of lung cancer, whereas when exposure occurs orally, skin, lung and bladder cancer are observed. 29 The evidence of a specific association between occupational exposure to arsenic and risk of RCC is not persuasive. 18 30 Our study has several methodological strengths. The use of panels of local experts and the collection of additional detailed information through the use of specialised questionnaires is considered a superior approach in retrospective assessment of occupational exposures in community-based studies. 31 We aimed at validity and consistency in exposure assessment across countries by stressing the joint training of the experts, and a validation exercise (which, however, did not include lead) indicated good reliability in the assessments of a range of occupational agents. 7 The large sample size, and the high response rates are additional strengths of our study.
A potential limitation of the study is the use of hospital-based controls, whose exposure distribution might not represent that of the underlying population. 32 We attempted to address this by recruiting controls with a wide range of diagnoses. Apart from neurological conditions, the diseases of the controls are not known to be associated with heavy metal exposure. The results for tobacco smoking, showing no association with RCC, are compatible with a small excess risk, but can also suggest bias from the selection of controls. On the other hand, tobacco smoking is a relatively weak risk factor of RCC, and several other studies did not detect an association. 33 Potential residual confounding by uncontrolled occupational and environmental metal exposure from general air pollution is an additional limitation. The lack of environmental measurements is an important additional limitation of our study, which had to rely on retrospective recall by study subjects of their occupational history and other risk factors. However, since controls were also hospital patients, any bias in recall is likely to be non-differential with respect to exposure, which would tend to attenuate risk estimates. Exposure misclassification is difficult to exclude in studies based on retrospective assessment; this would result in effect underestimation if it is non-differential between cases and controls. The limited number of subjects exposed to the metals under study is an additional limitation to take into consideration.
A major problem in studies of health effects of occupational exposure to metals is the difficulty in isolating the effects of a specific metal, because of coexisting exposures in most occupational settings. In addition, metal-induced carcinogenesis depends not only on the level and duration of exposure, but also on speciation of the metals, as physicochemical characteristics of metals and their compounds can influence their toxicokinetics and toxicodynamics and therefore their biological effects. 34 In addition, genetic susceptibility likely modifies the effect of metal exposure on RCC risk. A recent study evaluated the interaction effect of glutathione S-transferase (GST) M1 and T1 null polymorphisms on the association between occupational metal exposure and RCC risk. 35 Compared with GSTM1 null subjects, those with the active allele showed a higher risk of RCC associated with exposure to metals. Although suggestive, this finding requires confirmation.
Nephrotoxicity of these metals is explained by the fact that urinary elimination is a main route of excretion from body and by the high reabsorptive activity of proximal tubules, leading to metal accumulation in the kidneys, largely in the proximal tubule cells. Thus, the proximal tubule seems to be the major site of metal-induced nephrotoxicity. The mechanisms of nephrotoxicity at the cellular level of various toxic metals are still known only in fragments. 36 Recent studies using in vivo and in vitro models of nephrotoxicity have indicated an oxidative stress with associated lipid peroxidation, apoptosis and necrosis as common phenomena in the course of nephrotoxicity of these metals induced by toxic metals. 36 However, a number of other phenomena, such as the selective inhibition and/or loss of various membrane transporters, enhancement of ion conductances, increased cytoplasmic concentration of calcium, deranged cytoskeleton and cell polarity, impaired endocytosis, swelling and fragmentation of mitochondria, increased expression of metallothionein, heat-shock and multidrug resistance proteins, loss of cell membrane integrity, as well as the damage of mitochondrial and genomic DNAs have been fragmentarily demonstrated for the action of some toxic metals, but their importance for the course of nephrotoxicity and the sequence of events in relation to oxidative stress, apoptosis and necrosis have not been clearly established. 36 Finally, the few isolated studies of combined metal exposures indicate that the pathological effects may be altered due to unknown interactions of these metals within the kidney. Biological factors within the cell such as metal-binding proteins and inclusion bodies may also influence metalemetal interactions 37 Metals can therefore cause cellular and molecular lesions that would be relevant to oncogenesis in various cellular model systems. Several diverse mechanisms of metal-induced carcinogenesis may be involved, and they are believed to be involved in all stages of cancer development. Since carcinogenesis induced by metals involves a variety of facets, it is difficult to identify one common mechanism. It is very likely that each metal has its own unique molecular mechanisms which contribute to the cancer development. However, several common pathways, including those initiated by oxidative stress, may be shared by several of these carcinogenic metals. Moreover, they can also enhance carcinogenic effects with other factors in an additive or synergistic manner. 37 In conclusion, the results of our study do not support an increased risk of RCC following occupational exposure to chromium, nickel or arsenic. For cadmium, the lack of statistical significance of most results, the possibility of confounding and the absence of clear doseeresponse relations argue against the conclusion that RCC is induced by occupational exposure to cadmium. In the case of lead, the elevated risk in the category of APPENDIX 1 Examples of jobs entailing cadmium and lead exposure Cadmium Fumes < High: zinc smelting, foundries, welding or soldering on cadmium plated material (eg, aircraft industry, electronics), cadmium plating, manufacture of cadmium-tin welding rods. < Medium: welding or soldering with cadmium-tin welding rods (mainly magnesium welding), foundries using a lot of scrap metals, manufacture of silver welding rods. < Low: welding or hard brazing with silver rods; plastic pyrolysis products (from cadmium pigments or stabilisers) with a low confidence.
Dust
< High: foundries (casting areas), manufacture of silver or cadmium-tin welding rods, manufacture of cadmium pigments or other cadmium compounds. < Medium: mechanical loading or mixing of cadmium compounds (eg, plastic industry, paint manufacture), polishing or mechanical work on cadmium plated parts. < Low: hand work on or buffing cadmium plated parts.
Lead (fumes and dusts not broken out)
< High (>150 mg/m 3 ): ore processing lead or alloy or brass foundries; secondary smelting; torch cutting of scrap metal or lead painted parts; welding of galvanised parts; hot tinning; ammunition manufacture; indoor firing with unjacketed bullets; manufacture of lead salts or alkyds; kiln workers in pottery, ceramic, or glass factories; spraying of high lead paints or pottery glazes; indoor (dry) hand scraping of lead paints; grinding or blasting of lead painted parts; manual typography; dry cleaning of lead contaminated areas; sand blasting; lead acid battery manufacture. < Medium (50e150 mg/m 3 ): tin, copper, ferrous, or scrap metal foundries; masonry for furnaces or tanks; mechanical typography; battery assembly or conditioning; sorting, loading, or delivering of batteries; indoor (wet) hand scraping of lead paints; brazing; hot galvanising; small quantities of manual lead melting; outdoor firing with unjacketed bullets; radiator soldering; radiator manufacture. < Low (<50 mg/m 3 ): wave soldering; compounding or processing of polyvinyl chloride; gasoline and exhaust; lead arsenate use; incinerator fumes; outdoor hand scraping of lead paints; brazing; soldering.
